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Introduction
Titanium alloys are of interest for ballistic armor systems because of their battlefield benefits. Titanium alloys are highly corrosion resistant, about 60% density of steel, readily machinable, and are joinable (1) . Over many years, various titanium alloys have been tested for their ballistic performance. The U.S. Army has chosen the titanium alloy Ti-6Al-4V for structural and appliqué armor, and it is the Army's baseline for evaluating the performance of similar armor systems (2).
This study evaluated the ballistic performance of a Russian titanium alloy compared to the baseline Ti-6Al-4V alloy. If the performance difference is greatly in favor of the Russian alloys, then possible modifications in the baseline armor may have to be considered.
Background
Titanium can exist in a hexagonal closely packed crystal structure (known as the alpha phase) and a body-centered cubic structure (known as the beta phase). In unalloyed titanium, the alpha phase is stable at all temperatures as high as 883° C, where it transforms to the beta phase. This transformation temperature is known as the beta transus temperature. The beta phase is stable from 883° C to the melting point. As alloying elements are added to pure titanium, the phase transformation temperature and the amount of each phase change. Alloy additions to titanium, except tin and zirconium, tend to stabilize either the alpha or beta phase. Ti-6Al-4V, the most common titanium alloy, contains mixtures of alpha and beta phases and is therefore classified as an alpha-beta alloy. The aluminum is an alpha stabilizer, which stabilizes the alpha phase to higher temperatures; vanadium is a beta stabilizer, which stabilizes the beta phase to lower temperatures. The addition of these alloying elements raises the beta transus temperature to approximately 996° C. Alpha-beta alloys, such as Ti-6Al-4V, are of primary interest for armor applications because they are generally weldable, can be heat treated, and offer moderate to high strength. Table 1 shows the titanium alloy specifications for both the Ti-6Al-4V and Russian titanium alloys chemistry composition, while table 2 shows the minimum mechanical properties of the Ti-6Al-4V (1, 3, 4) . 
Results and Discussion
Ballistic Properties
Ballistic testing was performed on the baseline and Russian titanium alloy with 0.30-caliber armor-piercing (AP) M2 projectiles. The 0.30-caliber projectile is shown in figure 1 . The specification data for this projectile are shown in table 3 (5). The target plate was positioned normal (0 degree obliquity) to the projectile's path of flight at impact for each test.
Each plate was shot with .30-caliber AP M2 projectiles, and orthogonal flash radiographs (6) were used to measure the striking velocities, pitch, and yaw of the projectiles. Residual x-rays were used in place of the 0.51-mm (.020-inch) 2024-T3 aluminum witness plate to determine when a complete perforation (CP) occurred. If penetrator or target material broke a paper break screen behind the target and an image appeared in the radiographs, then the shot was classified as a CP. In addition, residual x-rays provide the velocity, as well as an estimate of size and mass of the material ejected from the rear surface of the target plate. The V 50 ballistic limit and sample standard deviation were calculated in accordance with the U.S. Department of Defense MIL-STD-662E (7).
The Ti-6Al-4V plate was manufactured by TIMET, a titanium metals corporation in Henderson, Nevada, and was marked test J3858. The Russian titanium alloy plate was marked VST3553+0.6 Zr and was 0.09 mm thicker than the Ti-6Al-4V plate. The Brinell hardness number (BHN) was measured on site. Ballistic test results are summarized in table 4. Detailed ballistic data are provided in appendix A. The thickness of the plates was normalized with the MIL-DTL-46077F V 50 ballistic acceptance chart for Ti-6Al-4V alloy (8) . Table 4 and figure 2 list and show the minimum required ballistic limit based on the thickness of each plate. Although both plates were below the minimum required V 50 , the Russian titanium alloy was 7% lower, while the Ti-6Al-4V was 0.5% lower, based on normalization by the thickness.
Photographs of the front and back surfaces of the Ti-6Al-4V and Russian titanium alloy are shown in figures 3 and 4, respectively. The baseline Ti-6Al-4V alloy had a 2% higher V 50 with a standard deviation equivalent to the Russian titanium alloy for these tests; therefore, Ti-6Al-4V outperformed the Russian titanium alloy. 
Summary and Conclusions
Ballistic testing was performed on a Russian titanium alloy and the results were compared to the performance for baseline Ti-6Al-4V. The results of the ballistic results may be summarized as follows:
• The Russian titanium alloy was slightly harder, based on the measured BHN.
• The V 50 ballistic limit of the Russian titanium alloy was significantly lower (7% lower)
than the expected performance of Ti-6Al-4V alloy when the results were normalized for the different thickness.
• The Russian titanium was 4% heavier than Ti-6Al-4V based on measured density.
• The Ti-6Al-4V outperformed the Russian titanium alloy based on ballistic test results.
• Both materials appeared to have multiple hit capabilities.
Based on these results for monolithic armor, no clear ballistic performance advantage would be achieved if the Russian titanium alloy were used against 0.30-cal AP M2 threats. Available data were insufficient to determine how the Russian alloy would have performed as part of a system or at obliquity.
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Appendix A. Ballistic Test Data
